Effects of thermomechanical processing on the mechanical properties of Nb-1 wt.%Zr-0.1 wt.%C, a candidate alloy for use in advanced space power systems, were investigated. Sheet bars were cold rolled into 1-rnm thick sheets following single, double, or triple extrusion operations at 1900 K. All the creep and tensile specimens were given a two-step heat treatment of 1 hr at 1755 K + 2 hr at 1475 K prior to testing. Tensile properties were determined at 300 as well as at 1350 K. Microhardness measurements were made on cold rolled, heat treated, and crept samples. Creep tests were carried out at 1350 K and 34.5 MPa for times of about 10,000 to 19,000 hr. The results show that the number of extrusions had some effects on both the microhardness and tensile properties. However, the long-time creep behavior of the samples were comparable, and all were found to have adequate properties to meet the design requirements of advanced power systems regardless of thermomechanical history. The results are discussed in correlation with processing and microstructure, and further compared to the results obtained from the testing of Nb-lwt.%Zr and Nb-lwt.%Zr-0.06wt.%C alloys.
INTRODUCTION AND BACKGROUND
Space power systems are expected to produce electrical power ranging from hundreds of kilowatts to several megawatts. To provide such high levels of power, advanced nuclear power systems currently appear to be the only feasible choice. It is critical to select the appropriate materials to meet the design requirements for such an advanced power system. These requirements currently include a service life of 7 years or more under stresses of 5 to 25 MPa at 1350 to 1450 K in an environment of a liquid alkali metal such as lithium, and total allowable strain of 2 percent maximum (refs. 1 and 2).
Refractory metals and their alloys are the leading candidates for high-temperature applications due to their high melting points. In particular, various alloys of niobium (Nb, melting point = 2742 K) with zirconium (Zr) and/or carbon (C) have been selected for use in advanced space power systems (ref. 1). This choice was based primarily on the resistance of Nb and its alloys to liquid alkali metal corrosion and their lower densities as compared to the other refractory metals and alloys. Initially, solid-solution strengthened Nb-lZr alloy (this and all the compositions that follow in this paper are expressed in wt.%) was chosen for use in space power conversion systems with a service temperature of about 1000 K and a maximum stress of around 10 MPa (refs. 3 and 4). However, this alloy was not developed for applications requiringlong-timestabilityattemperatures over 1100 K or those with higher stress levels. Because the design requirements of the advanced power systems are currently more stringent involving higher stresses at higher temperatures for longer times, long-term creep resistance of a material becomes the primary concern.
In earlier studies (refs. 5 and 6), a double-annealed (DA: 1 hr at 1755 K + 2 hr at 1475 K both steps followed by furnace cooling) Nb-IZr-0.06C alloy was reported to have about five times the creep strength of a similarly heat-treated Nb-lZr alloy at 1350 K and 10 MPA. Under these conditions, the alloy containing 0.06 wt.% carbon had no measurable creep strain after 34,500 hr. However, the Nb-lZr alloy achieved 2 percent strain in nearly 18,000 hr, and it had a total creep strain of more than 4 percent after about 31,000 hr of testing. The Nb-lZr alloy containing carbon owes its superior creep resistance to the presence of extremely stable cubic carbides of Zr and Nb (refs. 7 and 8) . These earlier studies clearly show that the carbide-strengthened Nb-1Zr alloy has much better creep resistance than the solid solutionstrengthened Nb-1Zr.
The current investigation was undertaken as part of a larger project assessing the feasibility of using Nb-IZr-C alloys in advanced power system applications. In particular, this paper deals with the effects of thermomechanical processing history on the microhardness, tensile, and creep properties of a Nb-IZr-0.1C alloy, which is also known as . Also included are the tensile and/or creep properties of Nb-lZr and Nb-IZr-0.06C alloys in order to assess the effects of the carbon-content on these
properties.
EXPERIMENTAL

Materials and Apparatuses
The nominal compositions of the materials evaluated in this study are given in table I. All the samples were in sheet form with a thickness of about 1 mm. The condition in which each specimen was tested and/or examined can be seen from table II. The Nb-lZr and Nb-IZr-0.06C samples are included for comparison purposes, and detailed information about these samples can be found in earlier work reported (refs. 6 to 8 and 10).
The designation of the samples will be as given in tables I and II in the remainder of this manuscript. The Nb-lZr samples are designated as such, those containing 0.1C are labeled with the heat number (064-), and the samples containing 0.06C are labeled LC-(_lower carbon as compared to 064 samples). Each alphanumeric identification is followed by extension(s) descriptive of processing and/or testing. The label of each creep-tested sample contains a number giving the test stress in megapascals following the process indicator. It should be noted that the temperature of the creep tests at 10 and 34.5 MPa was 1350 K, and that of the tests at 24 MPa was 1450 K. Then, for example the sample designated LC-DA10 would be a double-annealed Nb-IZr-0.06C sample creep tested at 1350 K and 10 MPa for the time indicated in table II.
The Nb-IZr-0.1C samples were all fabricated from a vacuum arc-melted ingot by a combination of hot extrusion and cold rolling. The extrusion operations were performed at 1900 K with an extrusion ratio of 4:1. The primary difference between 064A, 064B, and 064C in table II was that they were, respectively, single-, double-, and triple-extruded prior to cold rolling.
An internally-loaded, constant-load, ultrahigh vacuum chamber was used for the creep tests. It was equipped with split-sleeve resistance heaters (ref. 11) and a viewing port to facilitate observation of the sample. Ultrahigh vacuum chambers were also used for all the heat treatments. The pressure in these high-temperature chambers during testing was of the order of 10 -6 Pa. A screw-driven tensile testing machine was used for both the room and high-temperature tensile tests. The temperature in a chamber during high-temperature tests was measured using an R-type (Pt/Pt-13%Rh) thermocouple. The temperature in the chambers was maintained within +_5°of the intended test temperature. A microhardness tester equipped with a diamond pyramid indentor and a digital processor/printer was used for the hardness measurements.
Procedure
All the testing and evaluation in this study were conducted on longitudinal samples, i.e., the direction of applied load in tensile and creep tests and the surfaces examined were parallel to the rolling direction of the sheet. Prior to testing and annealing, the samples were chemically cleaned using a solution of H20:HNO3:HF with a volume ratio of 3:1:1. Furthermore, to avoid interstitial impurity contamination during exposure to elevated temperatures, the samples were wrapped in chemically-cleaned tantalum foil prior to heat treating and high-temperature testing.
The creep and tensile test specimens were similar in geometry. The sketch of a typical sample showing dimensions is shown in figure 1 . Fiducial marks were placed in the narrow gage section of each sample to facilitate the measurement or monitoring of the changes in sample length.
One sample from each of the 064A-DA, 064B-DA, and 064C-DA (see table II) was creep tested uniaxially at 1350 K under a stress of about 34.5 MPa. The test was carried out for a period of 18,780 hr for 064A-DA, 15,460 hr for 064B-DA, and 9950 hr for 064C-DA. The times and conditions of the creep tests on the samples from the Nb-lZr and Nb-IZr-0.06C alloys were as given in table 1I. The elongation, i.e., the change in the distance between the fiducial marks, was measured optically through the holes punched in the tantalum wrap using a cathetometer.
Tensile tests on samples from each of 064A-DA, 064B-DA, and 064C-DA were made in duplicate at 300 and 1350 K. The cross-head speed during these tests was about 21.17x10 -6 m/s which corresponds to a strain rate of about 8x10 -4 s-1 assuming that the deformation was restricted to the 25-mm gage section of the sample. The tensile properties of ultimate tensile strength (UTS), 0.2 percent offset yield strength (YS), ductility (e), and uniform elongation (eu) were determined from a load-time plot obtained for each test using the widely-known equations and conventional methods (ref. 12). 
Vickers hardness measurements
were made on all of the 064-samples listed in table II. The number of readings varied from 6 to 20 per sample depending on the sample surface available.
Optical micrographs of the 064-samples were taken in the as-polished condition before and after creep testing to correlate the mechanical properties to microstructure and processing.
RESULTS AND DISCUSSION
Microstructure
The microstructures of the Nb-lZr and Nb-IZr-0.06C alloys as well as the effects of thermomechanical processing and various heat treatments on the microstructure of Nb-1Zr-0.1C sheets (064-samples in table II) were discussed in earlier publications (refs. 5 to 8 and 13). Hence, they will be discussed here as they are pertinent to the present study with the emphasis on the double-annealed and ascrept microstructures of the samples from 064A, 064B, and 064C.
Prior to heat treating, all the samples had typical cold-rolled microstmctures with grains elongated and the precipitates aligned along the rolling direction. In the samples containing carbon, the precipitates were mainly orthorhombic Nb2C with some fine cubic carbides of Zr and Nb (refs. 8 and 13). The only precipitates found in the Nb-lZr samples were fine ZrO 2 (ref. 5).
The samples from the Nb-lZr alloy were either given a heat treatment of 1 hr at 1475 K (sample Nb-IZr-A in table II) or they were double-annealed, 1 hr at 1755 K + 2 hr at 1475 K (Nb-IZr-DA in table  II) sample from the single-extruded sheet, 064A-DA, had a fully recrystallized microstructure with relatively large grains and rather coarse precipitates along the grain boundaries and within the grains alike. Sample 064B-DA was also recrystallized with a microstructure similar to 064A-DA, but with smaller grains. The double-annealed sample from the triple-extruded sheet, 064C-DA, had a microstructure with highly-elongated grains giving no indication of full recrystallization.
The precipitates in 064A-DA were primarily orthorhombic Nb2C with some cubic (Zr,Nb)C. The relative amount of the more stable cubic carbides of (Zr,Nb)C increased with the number of extrusions in both the as-rolled and double-annealed samples (ref.
13).
The micrographs in figures 2(d) to (f) show the microstructures of the stressed middle portions of the crept samples. The microstructure of the stress-free end of each sample was similar to that of its middle. There does not appear to be any discemable difference between the microstructures of the crept samples 064A-DA34, 064B-DA34, and 064C-DA34. It is evident, however, that prolonged exposure to 1350 K gave rise to significant changes in the double-annealed microstructure of each sample. Such exposure caused the rather coarse Nb2C, which was the primary carbide in the double-annealed samples, to transform to the finer and more stable (Zr,Nb)C finely distributed throughout the matrix in all the crept samples regardless of the processing history. The double-annealed and as-crept microstructures of the samples from the Nb-IZr-0.06C sheet (LC-DA34) were similar to those of 064A-DA34 shown in figure 2 . However, the microstructure of LC-DA34 had smaller grains and less amount of precipitates throughout its matrix (refs. 5, 7, and 8). 
(M). (e) 064B-DA34(M). (t) 064C-DA34(M).
Microhardness
Microhardness measurements were made on the samples from the Nb-1Zr-0.1C sheets in the asrolled and double-annealed conditions as well as on their stressed middle and stress-free end portions following creep testing. The results are tabulated in table HI and are also plotted as bar graphs in figure 3 to facilitate better visualization of the differences. The results show that in a given condition, the microhardness of the specimens from the single-, double-, and triple-extruded sheets fall within about one standard deviation of one another. This would indicate that the number of extrusions prior to cold rolling did not have a significant effect on the microhardness of these samples regardless of the condition. As expected, double-anneal resulted in a marked decrease of about 40 percent in the microhardness of each sample. This is attributable to the relief of internal stresses and the effects of cold work by recovery and recrystallization during such heat treatment. Also expected was that the stressed middle of each sample had a slightly higher microhardness than its stress-free ends. This should be due to the strain induced in the reduced gage section of the crept sample even though the total creep strain in each was extremely small as will be discussed shortly. It is very interesting to note from the results that prolonged exposure to 1350 K for approximately 10,000 to 19,000 hr had no measurable effect on the microhardness of the double-annealed samples. This can be attributed to the predominant presence of the extremely stable and finely-distributed cubic carbides of (Zr,Nb)C in the crept samples.
Tensile Properties
Theresultsof thetensiletestsat300and1350K aretabulated intableIV. Thedifference betweentheduplicate values waslessthan5 percent relative to theaverages reported in thetable. Ultimate tensilestrength, yieldstrength, andductilitydataarealsopresented in bar-graph formin figures4 to6, respectively.
Thetensilestrengths of 064A-DA, 064B-DA, and064C-DAwerecomparable to oneanother with064C-DAbeingalittle higherthantheothertwoatboth300and1350 K (seetableIV andfig. 4). Thisindicates thatmultipleextrusions didnothaveasignificant effectonthetensilestrength eitheras wasthecasefor themicrohardness of these samples presented above. Slightlyhighertensilestrength of 064C-DAshouldbeexpected because thissample hadanoriented microstructure withgrainselongated in theload(longitudinal) direction. Thetensile strength of thesolid-solution strengthened Nb-1Zr-Awas lowerthanall of theprecipitation-strengthened 064-sheets at300K, buttheywerecomparable toone another at 1350K.
Thetrendsconcerning yieldstrengths (seetableIV andfig. 5) weredifferent thanthoseobserved forthetensilestrength. Theyieldstrengths of 064A-DAand064B-DAwerecomparable tooneanother, butbothweremeasurably lowerthan064C-DAat300K aswell asat1350K. Theyieldstrength ofNb1Zr-Awascloseto thatof 064C-DAat300K, andit waslowerthanallof the064-samples at1350K.
Theductilitydatain tableIV andfigure6 showthatthevalues for064A-DAand064B-DAwere bothabout35percent at300K andincreased toabout 40percent at 1350 K. Theductilityof 064C-DA waslower,andthatof Nb-IZr-Awashigher thaneither(of064A-DAand064B-DA)atbothtemperatures. Rather unexpected was that the ductility of Nb-IZr-A as well as of 064C-DA was considerably lower at 1350 K than at 300 K.
It is evident from the above results that each of the samples tested has tensile properties which are more than adequate for the advanced power system applications considering the maximum service stress of about 25 MPa. None of these materials should have brittle failure, nor should they have any strengthrelated problems during operation. bBased on the assumption that the elongation was restricted to 25-mm gage region.
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,.-., 275- figure 9 . It will be noted that all the creep tests have been concluded with the exception of those at 1450 K. These latter tests are still in progress at over 10,000 hr, and each appears to have reached the linear or steady state creep stage already (around 3000 hr).
The fh-st four columns in table V are self explanatory. The total creep strain in each sample as measured at the time indicated is given in column 5. The steady state creep rate in column 6 is calculated from the slope of the linear portion of the strain-time plot for each sample. This rate is then used to estimate the time it would take each sample to reach 1 and 2 percent strain given in columns 7 and 8, respectively. These times are given as a range with its lower and higher ends corresponding to the lower and higher ends of the + error in each. For samples which crept 1 or 2 percent during testing, the experimentally-determined times are provided in parentheses. It is noteworthy that the comparison of the experimental and estimated values for such samples shows that the estimated times to reach 1 or 2 percent strain are more conservative.
The results in table V and figure 7 for the creep tests at 1350 K and 10 MPa show that Nb-IZr-DA10 reached a strain of 2 percent in less than 20,000 hr, and it crept over 4 percent after nearly 32,000 hr of testing. Of the carbon-containing alloys tested under similar conditions, LC-DA10 showed no measurable strain after 34,500 hr and the total strain in LC-DA/AGE10 was about 0.1 percent after nearly 32,500 hr. The estimated time to reach 2 percent creep strain for either of the crept LC-samples was well over 25 years. Considering that LC-DA10 showed no measurable creep strain after 4 years of testing, this number may be quite realistic and perhaps even a little conservative. Furthermore, it was reported in the earlier studies (refs. 5 and 6) that the stress necessary to reach 1 percent strain in 7 years was about 4 Pa for double-annealed Nb-1Zr alloy and 20 MPa for a similarly heat-treated Nb-1Zr-0.06C alloy at 1350 K. These results clearly indicate that the carbide-strengthened Nb-1Zr-0.06C alloy has much better creep resistance than the solid solution-strengthened Nb-lZr alloy at 1350 K and 10 MPa.
The data in table V clearly shows that the creep resistance of the Nb-lZr alloys containing carbon are superior to that without carbon at 1350 K and 34.5 MPa as well. Nb-1Zr-A34 had a total strain of over 5 percent in only 218 hr, and the total strain in the alloy with 0.06C (LC-DA34) was about 1.6 percent after nearly 4300 hr. The total strain in each of the samples from the Nb-IZr-0.1C sheets was less than 0.3 percent after creep tests of nearly 19,000 hr for 064A-DA34, 15,000 hr for 064B-DA34, and 10,000 hr for 064C-DA34.
The creep plots in figure 8 would indicate that the creep behavior of the single-, double-, and triple-extruded sheets from the Nb-IZr-0.1C alloy (064A-DA34, 064B-DA34, and 064C-DA34, respectively) are similar to one another at 1350 K and 34.5 MPa. It is evident from the figure and table V, however, that each of these alloys has a much better creep resistance than either Nb-lZr-A34
or LC-DA34.
The linear or steady state creep rate of the LC-DA34 is one order of magnitude and those of the 064-sheets are at least two orders of magnitude less than the linear creep rate of the Nb-lZr alloy. At 1350 K and 34.5 MPa, the estimated time to reach a creep strain of 2 percent is around 100 hr for Nb-lZr-A34 (=125 hr as measured during testing) and less than 6000 hr for Nb-IZr-0.06C sample LC-DA34. Under the same conditions, the Nb-lZr-0.1C sheet with the highest creep rate (064C-DA34) is estimated to reach 2 percent strain in at least about 110,000 hr, approximately twice the design service life of 61,000 hr (7 years). The data in table V would further indicate that of the Nb-IZr-0.1C sheets, 064A-DA34 is the most and 064C-DA34 is the least creep resistant at 1350 K.
The data from the creep tests that are in progress at 1450 K and 24 MPa (see table V and fig. 9 ) show a somewhat different trend. Among these samples, 064C-DA24 appears to be the most and 064A-DA24 the least creep resistant, which is a reversal of the order at 1350 K and 34.5 MPa. The total strain in 064A-DA24 is about 0.8 percent after nearly 11,000 hr, and its linear strain rate is anomalously high. This sheet is estimated to reach 2 percent strain in less than 4 years which is less than the service life requirement of 7 years. Of the other two samples being tested, the estimated time to reach 2 percent strain is about 12 years for 064B-DA24 and nearly 20 years for 064C-DA24.
It is evident from the creep data presented here that the carbide strengthened Nb-lZr alloys have much better creep resistance than the solid solution-strengthened Nb-1Zr alloy at 1350 K and should be the case at 1450 K as well. This must be expected because of the presence of extremely stable cubic carbides of (Zr,Nb)C in the carbon-containing alloys. These carbides are shown to form during processing and especially during high-temperature exposure mainly as a result of transformation from rather coarse Nb2C (refs. 8 and 12) . It is also obvious from the results that increasing the carbon content from 0.06 to 0.1 percent gives rise to a marked increase in the creep resistance of the alloy. This can be attributed to an increase in the number density of the carbides, because more carbon goes out of solution and become available for precipitation with increasing carbon content. Furthermore, it is quite clear that the carbidestrengthened alloys would be the only choices if a service life of 7 years with a total creep strain of less than 2 percent are to be required at temperatures around 1350 K and stresses approaching or exceeding 10 MPa.
